Blueberry (Vaccinium spp.) is a widely consumed fruit worldwide. Anthocyanins, phenolic acids, and flavonoids are the main bioactive compounds of blueberry. However, little information is available about the changes in phenolic profiles of blueberries during fruit maturation. The aim of this work was to assess the effects of genotype and maturity on phenolic compounds and antioxidant ability of four rabbiteye blueberry cultivars grown in Guizhou, China. The total phenolics, total flavonoid and individual phenolic compound in the rabbiteye blueberries were investigated at five ripening stages based on color. Derivatives of phenolic compounds (gallic acid, epicatechin, rutin, p-coumaric acid, quercetin, catechin, ellagic acid, chlorogenic acid, and ferulic acid) were determined by HLPC and quantified using calibration curves. Antioxidant capacity was evaluated by total reducing power assay (TRPA), 1,1-diphenyl-2-picrylhydrazyl (DPPH), ferric ion reducing antioxidant power (FRAP), and 2,2ʹ-Azinobis-(3-ethylbenzthiazoline-6-sulfonate (ABTS) assay. Gallic acid, ellagic acid, and ferulic acid were the main phenolic compounds in rabbiteye blueberries, and phenolic compound contents of different rabbiteye blueberries cultivars changed with ripening stage. The gallic acid content of all cultivars increased at first and then decreased. The ferulic acid contents of 'Powderblue' and 'Gardenblue' cultivars gradually increased during ripening. The ellagic acid content of 'Powderblue' blueberries increased with ripening but decreased in 'Baldwin' blueberries. The total phenolics, total flavonoid, and antioxidant capacity of all cultivars increased nonlinearly with ripening. Phenolic compounds were the main antioxidants found in rabbiteye blueberries. Notably, 'Gardenblue' had exceptionally higher phenolics compound and antioxidant activity compared with other cultivars.
Introduction
Blueberry (Vaccinium spp) is a widely consumed fruit worldwide owing in part to its richness in bioactive compounds and excellent antioxidant activity. [1] [2] [3] New blueberry cultivars had been bred and selected based on their bioactive compounds and antioxidant activity. [4] Anthocyanins, phenolic acids, and flavonoids are the main bioactive compounds of blueberry. Anthocyanin synthesis has been accelerated through the increasing maturity of highbush blueberry, with fruit skin color steadily becoming darker and bluer, reaching a peak value at a purple-black stage. [5, 6] Phenolic acids, mainly located in the cell wall tissue of blueberries, are major secondary metabolites in blueberry fruits with important implications for human health. [7, 8] The effects of the genotype, growing seasons, climate conditions, ripeness, and storage conditions on the phenolic content and antioxidant activity in the blueberry fruits have been reported. [1, 7, [9] [10] [11] [12] [13] Previous studies have reported that blueberries are rich in phenolics, which are greatly affected by varieties and producing regions [14, 15] , and phenolic compounds, including quinic acid, chlorogenic acid, gallic acid, p-coumaric acid, caffeic acid, ferulic acid, ellagic acid, rutin, catechin, epicatechin, myricetin, quercetin, and kaempferol. [13, [16] [17] [18] [19] [20] [21] The concentrations of phenolic acids and flavonols in unripe green and fully ripe fruits were high and similar, whereas the lowest levels were found in intermediately ripe fruits. Flavonol content, hydroxycinnamic acid content, and antioxidant activity decreased during ripening. The same trend was observed for total antioxidant activity. This could be owing to the higher phenolic acid at immature fruit stages. Blueberry fruit had high total antioxidant activity during ripening, with green fruit showing the highest total soluble phenolic content, and ripe fruit had higher α-amylase and α-glucosidase inhibitory activity than those of green or green/pink fruit. The high total antioxidant activity in mature fruits could be explained by the elevated amounts of anthocyanin. [1, 3, 5, 11] The phenolic compound and flavonoid contents showed evident antioxidant capacity. All phenolic contents were highly correlated with total antioxidant capacity and reducing power. [2, 9, 10, 16] Little information is available about the changes in phenolic profiles and antioxidant ability of blueberries during fruits maturation in China. Therefore, the aim of this work was to assess the effects of genotype and maturity on phenolic compounds and antioxidant ability of four rabbiteye blueberry cultivars grown in Guizhou, China. This approach identifies specific cultivars with the aim of maximizing the bioactive compounds for food, nutraceutical, and pharmaceutical industry uses as well as for further blueberry breeding programs.
Materials and methods

Plant materials
Blueberry fruits were collected from four different rabbiteye blueberries cultivars (Vaccinium ashei Reade): 'Powderblue,' 'Gardenblue,' 'Baldwin,' and 'Bright Well.' A completely randomized design with three replications was used. The four cultivars were cultivated in the same farm at the LongBen planting base in Majiang County (Guizhou Provence, China)(Location: N26°37′, E107°44′, Altitude: 800 m). All cultivars were the same age and were cultivated on homogeneous soil with technical regulations for the cultivation of blueberry in Majiang county, China.
Samples of blueberries were hand-harvested at five ripening stages, based on visual observation of fruit color, ranging from green, green/red, red, red/blue to blue during fruit development (correpresenting to ripening stages R1, R2, R3, R4, and R5). Each 200-g fruit sample was randomly collected from four plants of each cultivar block, from both sides of the canopy, and from different areas of the clusters. After harvest, the fruits were transported to Guizhou Engineering Research Center for fruit processing under refrigeration. The samples were washed with ultra-pure water and then homogenized using a lapping machine (Model A11, IKA, Germany), and stored at −80°C until later analysis.
Extraction and quantification of phenolic compounds
For the quantification of phenolic compounds, sample extraction was performed using the method described by Xie et al., [21] with modification. Briefly, approximately 10.0 g of frozen fruits were ground into powder in a mortar in an ice bath, and 2.0-g fruit samples were then transferred into 10-mL centrifuge tubes with 4.0 mL 3‰ trifluoroacetic acid (TFA): methanol (1: 49, v/v). The sample was extracted in an ultrasonic wave cleaner at 50°C for 30 min and centrifuged in a PF-24R centrifuge at 12000 rpm for 10 min. After filtration to remove the residual particles, all supernatants were combined in a flask to obtain 10 mL of extract, which was filtered through a 0.45-μm aqueous membrane. The extractions were performed in triplicate.
Analysis and quantification of phenolic compounds
The HPLC-UV/Vis analyses were performed as those described in a previous study. [21, 22] HPLC analysis for phenolic compounds was performed using a Prominence CBM-20A system (SHIMADZU, Japan) with an LC-20AT liquid chromatograph, a SIL-20A Prominence autosampler, a CTO-10A SHIMADZU column oven, and an SPD-20A Prominence UV/Vis detector. The analytical column was an XBridge BEH C 18 column (250 × 4.6 mm, 5 μm i.d.; Waters, Taunton Ireland) protected with a C 18 Van Guard Cartridge (Waters, Taunton Ireland). Eluent A was double distilled water containing 3% TFA; eluent B was methanol. The following elution gradient was used: 88% B at 0~5 min, 75% B at 10 min, 75% B at 15 min, 70% B at 20 min, 70% B at 25 min, 65% B at 35 min, 65% B at 40 min, 50% B at 50 min, 88% B at 55 min, 88% B at 60 min. For HPLC analysis, 10 μL of analytes was injected with a flow rate of 0.8 mL/min and a constant column temperature of 30°C. Chromatograms were acquired at 280 nm to identify phenolic compounds, and identification was based on the retention time and UVspectra. The quantification of phenolic compounds in blueberry fruit was based on the linear regression of peak areas of commercial standards. Gallic acid, epicatechin, rutin, p-coumaric acid, quercetin, catechin, ellagic acid, chlorogenic acid, and ferulic acid standards were used for quantification of phenolic compounds. The results of phenolic compound were expressed as mg kg −1 fresh weight of fruit.
Total phenolics and total flavonoid content
Total phenolics content was quantified using Folin -Ciocalteu's reagent. [23] Briefly, 0.5 mL of extract was transferred into the 25-mL calibration tube, to which 1.5 mL of Folin -Ciocalteu's agent and 3.0 mL of 12% Na 2 CO 3 were added. After a 30-s reaction, the remainder of the tube was filled up to 25 mL with distilled water. Absorption at 760 nm was measured using a spectrophotometer (model UV-2550; Shimadzu, Japan) after 2 h at 25°C in the dark. Total phenolics were expressed as gallic acid equivalents (GAE) in mg 100 g −1 fresh weight of fruit. Total flavonoids were determined using the method developed by Dragović-Uzelac et al. [10] Briefly, 0.5 mL of extract was placed in 10-mL calibration tubes, to which 0.3 mL of 5% NaNO 2 and 1.0 mL of 10% Al(NO 3 ) 3 were added after 5 min. After the mixture was shaken, 4.0 mL of 1.5 mol·L −1 NaOH was added, and 6 min later, the tube was filled up to 25 mL with distilled water. Tube was again well shaken and then centrifuged for 10 min. Absorption at 510 nm was measured by using a spectrophotometer (model UV-2550; Shimadzu, Japan). Total flavonoid content was recorded as rutin equivalents (RE) in mg 100 g −1 fresh weight of fruit.
Antioxidant activity
The 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging activity of extracts was assessed according to the method described by Tauchen et al. [24] with minor modifications. Briefly, 50 μL of extract was added to 150 μL of DPPH (0.4 mM), and the mixture was shaken vigorously. The free radical scavenging capacity was evaluated by measuring the absorbance at 515 nm using a spectrophotometer (model UV-2550; Shimadzu, Japan) after 30-min of reaction period at 37°C on a biochemical incubator. The results were recorded as trolox equivalents (TE) in mmol 100 g −1 fresh weight of fruit.
The ferric ion reducing antioxidant power (FRAP) assay was conducted according to the method described by Todorovic et al. [25] with some modifications. Briefly, stock solutions were prepared, and they included 300 mM acetate buffers (pH 3.6), 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ) solution in 40 mM HCl, and 20 mM FeCl 3 6H 2 O solution. The fresh working solution was made by mixing 25 mL acetate buffers, 2.5 mL TPTZ solution, and 2.5 mL FeCl 3 6H 2 O solution and then warmed to 37°C before use. Then, 10-μL extract samples were allowed to react with 190 μL of the FRAP solution for 10 min at 37°C on a biochemical incubator. The absorbance at 593 nm was measured using a spectrophotometer (model UV-2550; Shimadzu, Japan). FRAP was recorded as TE in mmol 100 g −1 fresh weight of fruit. The total reducing power assay (TRPA) was conducted according to the methods described by Oliveira et al. [26] Briefly, 0.1-mL extract samples were diluted with 1.0 mL of 0.2 mol L −1 PBS (pH 6.6) and mixed with 1.0 mL of 1% (w/v) K 3 [Fe(CN) 6 ]. The mixture was incubated for 20 min at 50°C. After the addition of 1.0 mL of 10% (w/v) trichloroacetic acid, distilled water was added to reach a volume of 25 mL. Then, the mixture was centrifuged at 3000 rpm in a centrifuge (model PF-24R; Pingfan) for 8 min at 4°C. The upper layer (2.5 mL) was mixed with 2.5 mL of deionized water and 0.5 mL of 0.1% FeCl 3 , and the absorbance at 700 nm was measured using a spectrophotometer (model UV-2550; Shimadzu, Japan). TRPA was recorded as TE in mmol 100 g −1 fresh weight of fruit. The 2,2ʹ-azinobis-(3-ethylbenzothiazoline)-6-sulfonate (ABTS) scavenging activity of extracts was estimated according to a previously described by Schaich et al. [27] Briefly, the working solution of ABTS was produced by reacting 14 mmol L −1 ABTS with 4.9 mmol L −1 potassium persulfate in the dark at room temperature for 12 h before use. The ABTS radical solution was diluted with phosphate buffer to an absorbance of 0.70 ± 0.02 at 734 nm. After the addition of 50 μL of sample to 250 μL of the working solution of ABTS, the absorbance at 734 nm was taken after 1 min using the spectrophotometer (model UV-2550; Shimadzu, Japan). ABTS was recorded as TE in mmol 100 g −1 fresh weight of fruit.
Statistical analysis
Extraction and all analyses were run in duplicate, and the results were expressed as mean ± standard error. Statistical analyses were performed with the IBM SPSS version 19.0 (SPSS Statistical Software, Inc., Chicago, IL, USA). The one-way ANOVA was performed, and the ducan's test (P < 0.05) was used to compare the means among maturity and cultivars.
Results and discussion
Total phenolics content and total flavonoid contents
The results for changes in total phenolics and total flavonoid contents of rabbiteye blueberries are shown in Figure 1 . The total phenolics contents of 'Powderblue' and 'Baldwin' fruits tended to increase with ripening and peaked at the R5 stage. The total phenolics and flavonoid contents of Figure 1 . Total polyphenol and total flavonoids in rabbiteye blueberries during ripening. Different lower case letters within each column represent significant differences among cultivars at the same ripeness stages and (P < 0.05).
'Bright Well' fruits decreased at the R2 stage and then increased. The total phenolics content of 'Gardenblue' fruits increased during the R2 stage, decreased to the R3 stage, and then increased. Kalt et.al (2003) and Castrejo´n et.al (2008) examined total phenolic of highbush blueberries (cvs. 'Reka', 'Puru', 'Bluecrop', 'Berkeley', 'Bergitta', 'Bluegold', and 'Nelson') at different stages of ripening and harvest: At comparable maturity stages as in the present study, total phenolic content ranged in average from 70.2 ('Bluecrop' at unripe green berries) to 11.7 ('Bergitta' at ripe blue) mg GAE/g DM. [1, 28] Previously reports indicated that total phenolics contents of ripe fruits are 1.71-2.63, 2.37-4.19, 1.17-1.68, 0.98-2.31 mg GAE · g −1 in 'Powderblue', 'Gardenblue', 'Baldwin', and 'Bright Well', respectively. [15, 21, 29] Those values are lower than our estimates of 3.9-26.25 mg GAE ·g
. An increase in 'Bluegold'during ripening was also observed. [5] Differences of the present results in comparison to this report in the literature may decrease due to different cultivations, regional differences, climate conditions, and cultivated technologies.
The total flavonoid contents in 'Powderblue' and 'Baldwin' fruits tended to increase with ripening and peaked at the R5 stage. The total flavonoid content of 'Gardenblue' fruits decreased during the R2 stage, increased by R4 stage and then decreased. The total flavonoid contents of 'Bright Well' fruits decreased at the R2 stage and then increased. According to Xie et al. [15, 21, 30] which reported that total flavonoid contents of ripe fruits are 5.12-5.89, 10.84-12.81, 2.77-4.85, 3.40-4.16 mg RE · g −1 in the 'Powderblue', 'Gardenblue', 'Baldwin', and 'Bright Well', respectively. These results contrast with our results, as a consequence of differences among varieties, levels of maturity, and regions. [1, 28, 29] Profile of phenolic compounds
The phenolic compounds were quantified in rabbiteye blueberries during ripening by HPLC-UV/Vis. Phenolic compounds varied throughout ripening, though the variation profile differed from cultivar to cultivar (Figure 2 ). Gallic acid was found to be the major phenolic compound in rabbiteye blueberries, and across all ripening stages, it matched the results of the mature fruits [21] , ranged from 27.67 mg·kg −1 in 'Powderblue' to1161.62 mg·kg −1 in 'Bright Well'. The second most abundant phenolic compound was that of ellagic acid, which ranged from 2.41 mg·kg −1 in 'Powderblue' to 192.54 mg·kg −1 in 'Gardenblue'. Other significant phenolic compounds observed in rabbiteye blueberries were ferulic acid, rutin, epicatechin, quercetin, chlorogenic acid, catechin, and p-coumaric. The contents of these compounds in the present study ranged from 0.27 to 128.96 mg·kg , respectively. Studies by Sellappan et al. [16] , Colak et al. [31] and Silva et al. [30] have quantified many phenolic compounds in blueberry, such as gallic acid, chlorogenic acid, p-hydroxybenzoic acid, p-coumaric acid, caffeic acid, ferulic acid, and ellagic acid, catechin, epicatechin, myricetin, quercetin, and kaempferol.
Variation in individual phenolic compounds was investigated during ripening in the four rabbiteye blueberry cultivars. The gallic acid levels in 'Powderblue', 'Baldwin', and 'Bright Well' showed rapid growth in the early stage and then remained essentially stable. The gallic acid, catechin, epicatechin, ellagic acid, rutin, and quercetin contents in 'Gardenblue' increased at the R2 stage and then began to decrease. The ferulic acid content in 'Bright Well' and catechin, ellagic acid and rutin contents in 'Baldwin' decreased until the R3 stage and then increased. The chlorogenic acid and quercetin contents in 'Baldwin' and ferulic acid content in 'Gardenblue' as well as the catechin, ellagic acid, rutin, and quercetin contents in 'Powderblue' and p-coumaric acid content in all studied cultivars tended to increase throughout ripening. The epicatechin content in 'Powderblue' and ferulic acid content in 'Baldwin' decreased at the R4 stage and then increased. The epicatechin contents in 'Baldwin' and 'Bright Well' fruits decreased at the R2 stage and then increased by the next ripening stage. The ellagic acid, rutin, and quercetin contents in 'Bright Well' increased at the R2 stage and then decreased at the next ripening stage. Silva et al. [31] studied the phenolic compounds in blueberries (ss 'Duke', 'Bluecrop', 'Goldtraube', and 'Ozarkblue') throughout the ripening process, and found phenolic acids (chlorogenic, gallic, and p-coumaric acid) tended to decrease as the fruit ripens. Differences of the present results in comparison to this reported in the literature may decrease due to the varieties, climate conditions, levels of maturation, ripening stages, and different extraction solvents in sample preparation. [1, 5, 31] Antioxidant activity Changes in antioxidant activity, including those detected by TRPA, DPPH, FRAP, and ABTS assays, were observed depending on the ripe stages ( Figure 3) . The TRPA in 'Powderblue', ABTS in 'Gardenblue' 'Baldwin', and 'Bright Well', and FRAP in all tested cultivars tended to increase during ripening. The TRPA in 'Gardenblue' and FRAP in 'Bright Well' increased during the R2 stage, decreased by the R3 stage, and then increased. In contrast, the DPPH in 'Powderblue' decreased during the R2 stage, increased at the R3 stage and then decreased. However, the TRPA in 'Baldwin' and 'Bright Well' decreased in the early stage and then increased. The DPPH and ABTS in 'Gardenblue', and DPPH in 'Baldwin' and 'Bright Well' increased in the early stage, then decreased. Phenolic acids contribute significantly to the total antioxidant capacity have reported by Dragovic´-Uzelac et.al. (2010), Kang et.al. (2014) , and Cheplick et.al. (2015) . [2, 3, 10] These differences are mainly related to the bioactive components in fruits. [2, 10, 21] Correlation of phenolic compound and antioxidant activity
The correlation between antioxidant capacity and phenolic compounds in rabbiteye blueberries during ripening was examined (Table 1) . A positive correlation between the total antioxidant activity Figure 2 . Phenolic compounds in rabbiteye blueberries during ripening. Different lower case letters within each column represent significant differences among cultivars at the same ripeness stages and (P < 0.05).
and the phenolic compounds was observed with FRAP, TRPA, DPPH, and ABTS assays. Several studies have previously reported that phenolic acid contributed significantly to the total antioxidant capacity. [2, 3, 10] The total phenolic content was positively correlated with ferulic acid, p-coumaric acid, and epicatechin, weaker correlation with catechin. The total flavonoid contents were positively correlated with catechin, ferulic acid, quercetin, rutin, and ellagic acid. The TRPA was positively correlated with ferulic acid, total phenolic content, total flavonoid contents, p-coumaric acid, epicatechin, and catechin. The DPPH was positively correlated with chlorogenic acid, p-coumaric acid, rutin, ellagic acid, and quercetin, weaker correlation with ferulic acid and catechin. The ABTS was positively correlated with total flavonoids, total polyphenols content, ferulic acid, p-coumaric acid, and catechin, weaker correlation with quercetin, there is no information available ABTS. The results suggest that phenolic compounds, such as ferulic acid, chlorogenic acid, p-coumaric acid, may be responsible for presenting the most important contributions to the antioxidant activity of the fruits studied. [16, 21, 32] Other studies have also reported a high correlation between phenolic acid concentration and the total antioxidant capacity. [2, 3, 10] 
Conclusion
The results suggest that phenolic compound contents of four rabbiteye blueberries significantly differed throughout the ripening stages. Gallic acid, ellagic acid, and ferulic acid were the main phenolic compounds in the fruits of all the cultivars. The concentration of gallic acid was highest in 'Bright Well' fruits at the fourth ripening stage. The concentration of ellagic acid was highest in Figure 3 . Antioxidant activity in rabbiteye blueberries during ripening. Different lower case letters within each column represent significant differences among cultivars at the same ripeness stages and (P < 0.05). 'Gardenblue' fruits at the second ripening stage. The concentration of ferulic acid was highest in 'Powderblue' fruits at the fifth ripening stage. All cultivars at the fourth ripening stage had their highest DPPH, and the antioxidant capacity of FRAP, TRPA, and ABTS were high in all fruits at fifth ripening stage. There was a positive correlation between the total antioxidant activity and phenolic compound content. This study indicated that 'Gardenblue' fruits at the fourth ripening stage and other cultivars at the fifth ripening stage had high phenolic compound contents and high antioxidant capacity. The phenolic compounds had a strong contribution to antioxidant capacity. Healthpromoting phenolic compounds contributed positively to antioxidant activity, and thus this study has potential applications in the food, nutraceutical, and pharmaceutical industries as well as in breeding programs.
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